Argatroban is a synthetic direct thrombin inhibitor which has been used in Japan for three indications, namely, chronic arterial occlusion, acute cerebral thrombosis and hemodialysis in AT-deficient patients or in patients with decreased AT. In patients with chronic arterial occlusion, argatroban increased the skin temperature, reduced the size of skin ulcers, and decreased the thrombin-antithrombin complex. In patients with acute cerebral thrombosis, neuronal symptoms improved significantly compared with the placebo group, wherein activated partial thromboplastin time (aPTT) was prolonged by about 1.5-fold and fibrinopeptide A was reduced. In some patients in whom hemodialysis is difficult due to the generation of blood clots in the dialyzer, hemodialysis is now possible with the replacement of heparin by argatroban.
Introduction
Argatroban has been approved for three indications in Japan. In 1990, argatroban was approved as an anticoagulant for chronic arterial occlusion. In 1996, approval was granted for the additional indications of acute cerebral thrombosis and for the treatment of hemodialysis patients who are antithrombin (AT) deficient or with decreased AT.
Outside Japan, argatroban was approved by the FDA as an anticoagulant for the prophylaxis or treatment of thrombosis in patients with heparin-induced thrombocytopenia (HIT). Argatroban has been launched in Korea for chronic arterial occlusion and acute cerebral thrombosis. Argatroban has also been approved for use in Canada.
This paper provides an overview of the history of the development of argatroban in Japan and the effect of the drug on coagulation tests in the three indications of acute cerebral thrombosis, chronic arterial occlusion, and hemodialysis in AT-deficient patients or patients with decreased AT. Details of the approved indications in Japan are as follows:
(1) acute cerebral thrombosis: improvement of neurological symptoms (paralysis) accompanying the disease and improvement of activities of daily living (ADL) Ikoma (which involves the ability to walk, stand up, maintain a sitting position, and take meals); (a) acute cerebral thrombosis (excluding lacunes) within 48 h after onset;
(2) improvement in limb ulcers, rest pain, and a sensation of cold accompanying chronic arterial occlusion (Buerger's disease, arteriosclerosis obliterans); (3) prevention of clotting in the perfused blood during extracorporeal circulation in the following patients: (a) congenital AT-deficient patients or patients with decreased AT; (b) patients with reduced AT levels (patients where AT is !70% normal values or where heparin treatment produces no improvement in clotting (residual blood) during extracorporeal circulation).
History of Development in Japan
Thrombosis is thought to occur as a result of an imbalance in the blood coagulation-fibrinolytic system that produces a tendency to clot. Thrombin plays a very important role in the blood coagulation system. Thrombin not only converts fibrinogen to fibrin, but it also initiates platelet aggregation, and blood vessel constriction.
Research was started in this area on the basis that substances that suppress the thrombus-forming activity of thrombin may be promising in drug therapy for thrombosis. In 1972, research by Mitsubishi Chemical Industries and Okamoto et al. [1] showed that thrombin promotes the conversion of fibrinogen to fibrin by cutting the ArgGly bond in fibrinogen. Starting with a thrombin inhibitor, tosyl arginyl methyl ester, research began on the development of a potent and selective antithrombin drug through the substitution of the arginine carbonyl group and amino group.
The results of this research showed that argatroban inhibited thrombin at extremely low concentrations and that the drug had an extremely weak inhibitory effect on trypsin (also a serine protease), factor Xa, plasmin, and kallikrein [2] . These results confirmed the concept that argatroban selectively inhibits thrombin.
Pharmacological Effects of Argatroban
Argatroban binds reversibly to thrombin and its effects are short-lived [3] . The therapeutic effects of argatroban can be easily monitored by anticoagulation tests (such as aPTT or prothrombin time (PT)), so anticoagulation therapy with argatroban is easy to control. Argatroban is highly selective for thrombin. The molecular weight is low (527 Da). Thus, argatroban can bind not only to circulating thrombin but also to clot-bound thrombin, unlike heparins that bind solely to circulating thrombin [4] . Argatroban does not require the cofactor AT for antithrombotic activity, in contrast to heparins and heparinoids [5] . Thus, argatroban can exert its effect even in AT-deficient patients and in patients with decreased AT [6] . Finally, unlike heparins, argatroban does not generate antibodies and, unlike heparinoids and low molecular weight heparins, argatroban does not cross-react with heparin antibodies [7] .
In addition to the pharmacological profile shown above, argatroban demonstrates several other important actions. In vitro studies have shown that argatroban inhibits thrombin-mediated endothelin-1 release from the endothelium [8] , inhibits thrombin-mediated vascular constriction [9] , and increases the effect of thrombolytic agents such as tissue plasminogen activator (t-PA) [10] . Moreover, in terms of its anticoagulant action, argatroban differs from heparin in vitro in that it produces no excessive prolongation of the aPTT in a wide range of concentrations, while heparin produces marked prolongation of aPTT at a narrow range of concentrations [11] ( fig. 1 ). Intravenous administration of heparin (1,000 IU) or argatroban (6 mg) for 2 h produces an exponential prolongation of aPTT during the infusion with heparin, but a plateau at approximately 30 min after commencing the argatroban infusion [12] (fig. 1) . Thus, there is considerable control of coagulation during the argatroban infusion.
Argatroban and Chronic Arterial Occlusion
In chronic arterial occlusion, for which argatroban is indicated, the thrombus forms in the blood vessel lumen and repeatedly exacerbates or rekindles ischemic symptoms. In addition to ischemic symptoms such as cold, cyanosis, rest pain, and intermittent claudication, the disease can worsen limb ulcers and many cases require amputation.
A pivotal study [13] using a double dummy method compared with argatroban (twice daily doses of 10 mg given by intravenous infusion over 3 h, for 4 weeks) with the antiplatelet agent ticlopidine (500 mg/day by oral administration for 6 weeks). Results in the argatroban group were equivalent to those in the panaldine group, in terms of degree of ulcer reduction and improvement in rest pain and cold. Argatroban, however, has a rapid onset of action and is effective in cases not improved by treatment with antiplatelet, vasodilators, or other agents. Moreover, when 10 mg argatroban was administered intravenously for 1 h, the drug increased the transcutaneous tissue oxygen partial pressure (TcPO 2 ) at the skin surface of the diseased leg more than the healthy leg ( fig. 2) . The results also confirmed increased skin temperature and TcPO 2 in the diseased leg in severe cases, compared with mild cases [14] . This effect persisted regardless of the low blood concentration of argatroban after infusion. However, heparin was shown to have almost no influence on the peripheral circulation.
In patients with chronic arterial occlusion, argatroban produced a decrease in thrombin-antithrombin complex (TAT), which is an indicator of thrombin formation [15] . TAT levels after argatroban therapy were decreased in patients with chronic arterial occlusion. The decrease Ikoma in plasma TAT levels after argatroban therapy indicates an improvement in the hypercoagulable state.
Argatroban and Acute Cerebral Thrombosis
In acute cerebral thrombosis, another argatroban indication, the thrombus forms at the site of a vascular lesion producing occlusive symptoms, and new symptoms occur over time after the initial onset of symptoms, accompanying enlargement of the ischemic area. Symptoms usually stabilize after several hours or days [16] .
This concept is supported by reports of the following research into coagulation after symptom onset. A study in patients after the onset of cerebral thrombosis has shown that fibrinopeptide A (FPA), an indicator of thrombin activity, increases until 7 days after symptom onset, with a peak at 3 days after onset [17] . In cerebral infarction patients and cerebral thrombosis models after thrombotic occlusion, there is secondary formation of minute thrombi over time, mainly involving fibrin [16] . This impairs the microcirculation, resulting in continued thrombin production in the acute phase after symptom onset and may be involved in the hypercoagulable state.
Symptomatic improvement may be due to argatroban preventing the progression of the infarct into the ischemic penumbra.
In acute cerebral thrombosis, a pivotal study on argatroban compared the drug with placebo in a double-blind trial [18] . Patients were given continuous drip infusions for the first 2 days (60 mg/day) followed by twice-daily infusions (10 mg ! 2) for 3 h each on days 3-7. In comparison with placebo, a significant difference was seen in the argatroban group in terms of improvement of neurological symptoms (upper and lower paralysis-paralysed leg scale) and ADL (ability to walk, stand up, maintain a sitting position, eat) ( fig. 3) . The study showed that aPTT was prolonged by approximately 1. Before administration levels, which were high before argatroban administration, were reduced to normal levels after drug administration [19] (fig. 4) . The normalization of FPA levels following argatroban administration indicates that argatroban inhibited thrombin in the blood and improved the hypercoagulable state immediately after the onset of cerebral thrombosis. This activity may be linked to the subsequent symptomatic improvement.
Argatroban and Hemodialysis in AT-Deficient Patients or Patients with Decreased AT
Heparin is commonly used as an anticoagulant in hemodialysis. Heparin exerts its anticoagulant activity by promoting binding of thrombin and AT in the blood, so the antithrombotic activity of heparin is reduced in patients with !70% normal levels of blood AT activity. There have been reports that heparin does not produce the expected anticoagulant activity in AT-deficient patients or patients with decreased AT, especially in hemodialysis where clotting in the dialyzer makes hemodialysis extremely difficult to maintain [6] . In contrast to heparin, the anticoagulant action of argatroban does not involve AT and the drug can exhibit antithrombin activity and the resulting anticoagulant activity without exhausting AT. Argatroban was considered to have potential in patients with congenital or acquired AT deficiency, where hemodialysis proves extremely difficult with heparin treatment.
In patients where hemodialysis is extremely difficult with heparin treatment because of coagulation in the dialyzer, argatroban administered within the dialysis circuit at 12-48 mg/h through continuous drip infusion was confirmed as effective in preventing clotting in the dialyzer [6] .
Argatroban and Post-Marketing Surveillance Safety Information in Japan Table 1 shows the summarized results of post-marketing surveillance safety information of argatroban in Japan. During a five-year period there were approximately 3,800 cases on each indication of acute cerebral thrombosis or chronic arterial occlusion treated with argatroban. These cases were examined. The most significant adverse events for argatroban are hemorrhagic complications, but they were infrequent. Hemorrhagic cerebral infarction in stroke patients was observed in only 44 cases (1.2%) and was not seen in patients with chronic arterial occlusion. Therefore, we have concluded that argatroban has an acceptable safety profile.
Ikoma

Conclusion
Overall, we think that the results obtained to date support the position that argatroban is an effective anticoagulant in a range of conditions and that the drug has an acceptable safety profile.
